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The Active Transport of Myelin Basic Protein
into the Nucleus Suggests a Regulatory Role
in Myelination
Liliana Pedraza, Lazar Fidler, Susan M. Staugaitis,* myelin compaction is occurring (Colman et al., 1982;
Trapp et al., 1987; Verity and Campagnoni, 1988). How-and David R. Colman
ever, the mechanism for spatial segregation of MBPBrookdale Center for Molecular Biology
messengers begins to function only after oligodendro-Mount Sinai School of Medicine
cytes have differentiated into fully myelinating cells. Inand *Department of Pathology
fact, it has been shown that the cellular extensions ofColumbia Presbyterian Medical Center
oligodendrocytes must be in place first, and only then isNew York, New York 10029
the MBP messenger translocation machinery activated
(Verity and Campagnoni, 1988; Amur Umarjee et al.,
1990). Prior to this stage of differentiation, develop-Summary
mental studies (Sternberger et al., 1978; Hartman et al.,
1979; Roussel and Nussbaum, 1981) of immature oligo-The myelin basic proteins (MBPs) are a set of mem-
dendrocytes have revealed MBP expression throughoutbrane proteins that function to adhere the cytoplasmic
the cytoplasm and, surprisingly, in the nucleus.leaflets of the myelin bilayer. During oligodendrocyte
In the mouse, several MBP isoforms Mr 5 14, 17, 17.2,maturation prior to compact myelin formation, how-
18.5, and 21.5 kDa have been identified whose mRNAs
ever, certain MBPs have been observed within the cell
originate from a single gene by alternative splicing of
body and nucleus. We explored the parameters of the the primary transcript (de Ferra et al., 1985; Takahashi
translocation of the exon II-containing MBPs (MBPexII) et al., 1985; Newman et al., 1987). Curiously, all isoforms
from the site of synthesis in the cell cytoplasm into do not behave in the same way when individually ex-
the nucleus and in some experiments used GFP as a pressed. Using immunofluorescence localization and
molecular reporter to monitor the intracellular distri- confocal microscopy, we observed (Staugaitis et al.,
bution of MBP-GFP fusion proteins in living cells. We 1990; Allinquant et al., 1991) that the 14 and 18.5 kDa
show here that the transport of MBPexII into cell nuclei isoforms had a plasma membrane distribution, as ex-
is an active process, which is temperature and energy pected for proteins that participate in membrane com-
dependent, and may be regulated by phosphorylation paction, while the exon II±containing 17 and 21.5 kDa
state. Further, MBPexII can direct the entry of macro- MBPs (MBPexII) distribute diffusely through the cyto-
molecular complexes into cell nuclei, revealing that plasm, and nuclear accumulation was a common obser-
the exon II peptide segment may provide a nuclear vation. Exon II thus may play a significant role in causing
localization signal (NLS), perhaps a novel one, or may the intranuclear movement of these MBPs, and the pro-
induce a conformational change in the full-length pro- tein distributions suggest that theMBPexII polypeptides
tein that exposes a cryptic NLS. The MBPexII are thus either lack altogether or have ªmaskedº the membrane-
very unusual in that they are plasma membrane pro- binding properties that restrict the mobility of the 14
and 18.5 kDa MBPs. Alternatively, the exon II isoformsteins that are also targeted to the nucleus. In oligoden-
may be nuclear early in development, when they are thedrocytes and Schwann cells, where the MBPs are nat-
major expressed isoforms, but upon upregulation of theurally expressed, it is likely that karyophilic MBPs
ªcompactingº isoforms, protein±protein interactionssubserve a regulatory function in implementing the
may ªescortº the MBPexII to the cytoplasmic processesmyelination program.
engaged in myelination. Although previous in situ stud-
ies in young oligodendrocytes did not reveal which MBPIntroduction
isoforms were nuclear, it was proposed, by analogy with
the results of the transfection studies, that it was likelyThe assembly of the myelin sheath is, along with axon
to be those containing exon II (Staugaitis et al., 1990;
outgrowth and synapse formation, one of the most re-
Allinquant et al., 1991).
markable features of nervous system development and
The MBPexII proteins are expressed at high levels
maturation. During myelinogenesis in the central ner- only in developing oligodendrocytes (Barbarese et al.,
vous system, oligodendrocytes extend processes that 1978; Jordan et al., 1989). This temporally regulated
enwrap selected axons and generate a compact multila- high concentration, when correlated with the nuclear
mellar membrane spiral. By electron microscopy, alter- localization of MBPs in young normal oligodendrocytes,
nating intra- and extracellular membrane leaflet apposi- strongly suggests that it is these MBP isoforms that
tions are visualized as major dense (cytoplasmic) and are karyophilic, and which may play regulatory roles in
intraperiod (extracellular) lines. The apparent fusion of oligodendrocyte maturation. Other evidence supporting
the cytoplasmic membrane leaflets is brought about and a premyelination regulatory role for MBP comes from the
stabilized by a set of peripheral membrane proteins shiverer mutant mouse, where theMBP gene is rendered
termed the myelin basic proteins (MBPs), two of which nonfunctional (Roach et al., 1985). It is puzzling that in
at least act in effect as intracellular adhesion molecules. this mutant, in the absence of MBP expression, other
The MBPs are highly charged and exhibit a strong but biogenetically unrelated myelin proteins are concomi-
nonspecific affinity for membranes, so in order to target tantly reduced (Ganser and Kirschner, 1980). Normally,
these reactive proteins precisely to myelin, oligodendro- therefore, the entry of certain MBP isoforms into the cell
cytes have evolved a mechanism for the transport of nucleus may be the initiating mechanism by which the
myelin program is properly orchestrated.MBP mRNAs selectively to intracellular regions where
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Factors that may act within the nucleus at the early MBPs. To overcome this limitation, we raised antibodies
against the sequence encoded by exon II. Exon II±stages of the myelination program in the upregulation
of transcription for myelinogenesis have been de- specific antibodies (ExIIab) were obtained in guinea pigs
using a glutathione transferase±exon II fusion proteinscribed. The DNA binding proteins MyT1 (Kim and Hud-
son, 1992), SCIP (Monuki et al., 1990), CTF±NF (Inoue (GST±ExII) as antigen and characterized on protein blots
and by immunolabeling of MBP-transfected cells. Figureet al., 1990), and thyroid hormone receptor transcription
factor (Farsetti et al., 1991) control some of the myelin- 1A shows the exonic organization of the major MBP
mRNAs, and the amino acid sequence used to generatespecific genes at the transcriptional level. In other sys-
tems, regulatory factors, such as transcription factors, antibodies is indicated. The specificity of ExIIab was
tested on protein blots of total myelin (Figure 1B). Asare known to be actively translocated into the nucleus,
and this active transport is taken as convincing evidence expected, only bands corresponding to 17 and 21.5 kDa
MBPs were recognized by ExIIab, while all four majorfor function within nuclei (Miller et al., 1991; Corneliussen
et al., 1994; Pruschy et al.,1994). Analogously, thekaryo- MBP bands are clearly visible with MBP644, a rabbit
polyclonal antiserum raised against purified 14 kDaphilic MBPs, once in the nucleus, may act as regulatory
factors in myelination. The case for this concept would MBP, which therefore recognizes common determi-
nants shared by all four isoforms (Colman et al., 1982)be considerably strengthened if it could be shown that
entry of MBP into nuclei was an active event. butnot exon II (Figure 1C). Therefore, these twoantibody
reagents may be used together to distinguish theFor the actively transported proteins, a gated mecha-
nism has been described in which a karyophilic protein MBPexII from the total complement of MBPs expressed
in a given cell.carrying a recognition signal is translocated through the
nuclear pore complex (NPC) in an energy- and tempera- Affinity-purified ExIIab was used together with MBP644
for double labeling of Hela cells expressing either theture-dependent manner (Newmeyer and Forbes, 1988;
Richardson et al., 1988). Alternatively, of course, the 21.5 MBP (Figure 2A, a and b) or the 18.5 kDa MBP
(Figure 2A, c and d). MBP644 (red) reveals protein ex-MBPs are small enough to get into the nucleus by pas-
sive diffusion if their membrane binding properties were pression in both transfectants (Figure 2A, a and c), while
exon II labeling (green) was restricted tocells expressingreduced or masked.
We explored various parameters of the translocation the 21.5 kDa MBP (Figure 2A, b). No immunolabeling of
cells expressing the 18.5 kDa isoform was detected withof MBP from the site of synthesis in the cell cytoplasm
(Campagnoni et al., 1980; Colman et al., 1982) into the the ExIIab (Figure 2A, d). These data show that, as ex-
pected, only the MBPexII isoforms are detected bynucleus using two different systems: 1) Hela cell trans-
fectants, which we described previously (Staugaitis et ExIIab on blots and by immunocytochemistry.
Double labeling of mouse brain cryosections withal., 1990), and 2) autofluorescent MBP-green fluorescent
protein (MBP±GFP) fusions, which can be expressed ExIIab and MBP644 was performed to compare the dis-
tribution of MBPexII relative to the total complement ofand observed in living cells. We show that the transport
of MBPexII into the cell nuclei is an active process, MBPs (Figure 2B). MBPexII (green) were found to be
present in cell bodies (nuclear 1 cytoplasmic labeling)which is temperature and energy dependent, and may
be regulated by phosphorylation and dephosphoryla- in young oligodendrocytes (E18), and no plasma mem-
brane labeling was apparent (Figure 2B, a). The inversetion. Further, the MBPexII may contain a nuclear local-
ization signal (NLS) because we find that these proteins pattern is given by MBP644 (red), which highlights cyto-
plasm and plasma membrane, indicating that the othercan direct the entry of macromolecular complexes into
cell nuclei. isoforms are enriched in these subcellular compart-
ments (Figure 2B, b). When both images are superim-Our findings demonstrate that MBPexII polypeptides
are actively moved from the cytoplasm to the nucleus posed (Figure 2B, c), the enrichment of exon II isoforms
in the nucleus is clear. Subpanels a±c are from singleby general mechanisms that are probably operative in
all eukaryotic cells. In oligodendrocytes and Schwann optical sections (0.25 mm) while subpanels d±f are com-
pressions (2 mm) of eight optical sections.cells, where the MBPs are naturally expressed, it is likely
that the karyophilic MBPs subserve a regulatory function The presence of MBPexII proteins in the nucleus of
oligodendrocytes raises the question of whether thesein implementing the myelination program.
proteins merely diffuse into the nucleus or are actively
transported there.
Results
MBPexII Isoforms Are Present in the Cell Density Influences the Nucleocytoplasmic
Distribution of MBPexIIOligodendrocyte Nucleus
The MBPexII proteins are expressed at high levels only When the four major MBP isoforms (14, 17, 18.5, and
21.5 kDa) were individually and permanently expressedin developing oligodendrocytes (Barbarese et al., 1978)
and, as we showed previously, these isoforms exhibit in Hela cells, the pattern of distribution of each of these
proteins corresponded identically to what we previouslykaryophilic properties when individually expressed in
shiverer oligodendrocytes (Allinquant et al., 1991) as observed in transient transfectants (Staugaitis et al.,
1990). Figure 3 shows the distribution in transfectedwell as in Hela cells (Staugaitis et al., 1990). So far, a
direct examination of the distribution of the MBPexII Hela cells of each MBP isoform. Clearly, there is a dis-
tinct pattern of distribution between the MBPexII pro-isoforms in vivo has not been possible since available
antibodies have recognized epitopes common to all the teins (21.5 kDa and 17 kDa) versus the other isoforms
Active Transport of MBPexII into the Nucleus
581
Figure 1. Characterization of Exon II Anti-
bodies
(A) Schematic diagram of the MBP mRNAs.
The numbers underneath the boxes indicate
the exon arrangement. The closed boxes cor-
respond to exon II. The amino acid sequence
used to generate antibodies is indicated in
single letter code.
(B) SDS±PAGE and protein blot of purified
myelin; 5 mg were loaded in each lane. The
proteins were detected by chemilumines-
cence using either a rabbit polyclonal anti-
MBP (MBP644) or an anti-exon II±specific
guineapig serum (ExIIab), followed by peroxi-
dase-conjugated secondary antibodies.
(C) SDS±PAGE and protein blot of GST±Exon
II fusion protein; 1 mg was loaded in each
lane. The proteins were detected as above.
Note that MBP644 does not recognize the
exonII peptide sequence.
(14 kDa and 18.5 kDa). The 14 kDa (Figure 3a) and 18.5 which cells can migrate (Figure 4c and 4d). One hour
after wounding, MBPexII can be detected in the nucleikDa (Figure 3c) localize preferentially in the perinuclear
region (arrow), with an ER±Golgi-like distribution. It is of border cells (Figure 4c; arrow). Cells that move into
the open area dramatically recover intranuclear MBPexIIimportant to note here that when the membrane iso-
forms are expressed in nonmyelin-forming host cells, labeling (Figure 4d; 2 hr postwounding). Therefore, nu-
clear exclusion can be reversed by releasing the cellssome of the protein reaches the plasma membrane, but
most remains in the ER±Golgi region, probably reflecting from thephysical constraint imposedby theirneighbors.
High cell density may affect translocation as well asthe lack of the right machinery for mRNA transport,
which is a special feature of myelinating cells (Brophy retention in the nucleus (or both). Translocation could
be affected at two levels: theactive import or the passiveet al., 1993). The membrane association of the 14 and
18.5 kDa isoforms contrasts markedly with the cyto- diffusion.
plasmic and nuclear distribution of the 17 (Figure 3b)
and 21.5 kDa (Figure 3d) isoforms. Passive Diffusion across the Nuclear Envelope
Is Not Affected by Cell DensityIn both transient (Staugaitis et al., 1990; Allinquant et
al., 1991) and permanent (Figure 3) transfectants, the Molecules of a molecular size of z20 kDa have been
considered to move across the NPC without restriction,two exon II±containing isoforms present identical sub-
cellular distributions. However, we found the highest the only driving force being the gradient caused by the
different concentrations of the molecule on either sideexpression levels of MBP in the cell line expressing the
21.5 kDa MBP, so we continued our studies with the of the nuclear envelope (Paine, 1992). To study whether
passive diffusion parameters across the NPC vary be-21.5 kDa MBP transfectants.
We observed that the distribution of MBPexII was tween low densityand confluent cells, we scrape loaded
a mixture of fluorescent-labeled 20 and 70 kDa dextransstrongly affected by cell density. Strong nuclear and
nucleolar labeling can be clearly seen in low density into Hela cells expressing the MBPexII (Figure 5A).
Scrape loading is a procedure that permits the incorpo-cells (Figure 4a). In striking contrast, densely populated
areas of the culture are characterized by nuclei devoid ration of macromolecules into adherent cells (McNeil et
al., 1984). The basis for the method is that a cell scraperof MBPexII surrounded by cytoplasmic labeling (Figure
4b). These results suggest that cell±cell contact may is gently passed over a dish containing the cell mono-
layer; this transiently breaks open the plasma membraneprevent access of MBPexII to the nucleus. Whether
MBPexII would redistribute to the nucleus if cells are allowing medium to enter. The cell membrane then rap-
idly reseals. In Figure 5A, subpanel a, it can be seenªreleasedº from high density was tested by wounding
the monolayer. The scar provides an open area into that the 20 kDa dextran (green) diffuse throughout the
Neuron
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Figure 2. Immunodetection of MBPexII Isoforms in Cells
(A) Hela cells stably transfected with 21.5 kDa MBP (a and b) or 18.5 kDa MBP (c and d) were immunolabeled with MBP644 antibodies (red,
a and c) and ExIIab (green, b and d).
(B) MBPexII isoforms in brain sections at embryonic day 18. Double labeling of an oligodendrocyte is shown, where green represents
immunolabeling of MBPexII, and red represents total MBPs. Yellow represents colocalization. Subpanels a±c are single optical sections (0.25
mm), while compressions of eight single optical sections (2 mm) are shown in subpanels d±f.
cell and readily enter the nucleus, while the 70 kDa cules of about the same size as MBPexII in cells at high
or low density.dextran (red) are excluded from the nucleus (Figure 5A,
b). 20 kDa dextran was observed in the nucleus of cells When high density MBPexII expressors were scrape
loaded with 20 kDa dextran (Figure 5B), double labelinggrowing at low density (Figure 5A, a) as well as in conflu-
ent cells (Figure 5B, a), demonstrating that the transnu- for 20 kDa dextran (green) and MBPexII (red) revealed
that cells that had 20 kDa dextran in their nuclei (Figureclear diffusional channels are equally permeant to mole-
Active Transport of MBPexII into the Nucleus
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MBPexII Can Carry Other Proteins
into the Nucleus
One way to test whether movement of a protein across
the NPC is actively mediated is to bind the test protein
to a normally cytoplasmically localized protein, and then
observe whether the complex is translocated across the
NPC (Garcia Bustos et al., 1991). We therefore studied
the capability of MBPexII to target cytoplasmic proteins
to the nucleus. For these experiments, we used affinity-
purified MBP644 antibodies because we reasoned that
antibodies may bind MBPexII in the cell cytoplasm and
form a reasonably stable complex that might be translo-
catable. We used MBP644 because these antibodies do
not recognize epitopes in exon II (Figure 1C), so they
were not expected to mask any putative NLS that might
exist within the exon II sequence. When the MBP644
antibodies were scrape loaded into Hela cells express-
ing MBPexII, IgG molecules were detected in the nu-
cleus by immunolabeling with secondary antibodies
(Figure 6A, a±b are optical sections, from bottom to top).
Conversely, no IgGs were found in the nuclei of control
Hela cells (Figure 6A, c and d). This result revealed that
Figure 3. Distribution of MBP Isoforms Individually Expressed in IgG molecules can use MBPexII to ªpiggybackº into the
Hela Cells nucleus. Since the smallest antigen±antibody complex
(a) 14, (b) 17, (c) 18.5, and (d) 21.5 kDa MBP transfectants were is z170 kDa, well above the cutoff for passive diffusion,
immunolabeled with MBP644. Arrows (a and c) point to the perinu-
this observation is strong evidence in support of theclear distribution.
idea that MBPexII transport into the nucleus is an active
process.
5B, a) still effectively excluded MBPexII (Figure 5B, b), Other direct evidence for an active transport mecha-
revealing that completely separate pathways of nuclear nism came from an experiment in which the green fluo-
entry are employed for MBPexII and dextrans. In Figure rescent protein (GFP) from the jellyfish Aequorea victoria
5B, subpanel c shows colocalization of 20 kDa dextran (Prashner et al., 1992; Chalfie et al., 1994) was fused to
and MBPexII in the cytoplasm (yellow), but only 20 kDa the carboxyl terminal of 21.5 kDa MBP; this effectively
dextran (green) is in the nucleus (arrow). Also, some doubled the size of the protein, making it unlikely to
cells did not incorporate dextran; an MBPexII-positive cross the NPC by passive diffusion. The MBPexII±GFP
cell that did not load dextran is shown (arrowhead). fusion protein (Mr z50 kDa) was transiently expressed
These results demonstrate that diffusion across the NPC in Hela and COS cells by lipofection, and its distribution
for a molecule of z20 kDa is not affected by cell density, was monitored by confocal microscopy. We observed
and therefore, passive diffusion does not seem to be that the MBPexII±GFP is targeted to the nucleus of COS
(Figure 6B, a) and Hela cells (Figure 6B, b), revealingthe force that drives MBPexII to the nucleus.
Figure 4. The Nuclear Localization of MBPexII Is Affected by Cell Density
The nucleocytoplasmic distribution of MBPexII was detected by immunolabeling with MBP644. Low density (a) and high density (b) cultures
of permanent transfectants. A high density culture was wounded with a needle (c and d). Cells were viewed 1 hr (c) and 2 hr (d) after wounding.
Optical sections through the equatorial plane of nuclei are shown.
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Figure 5. Passive Diffusion of Fluorescent
Tracers
(A) A mixture of 20 and 70 kDa dextrans
were scrape loaded into Hela cells. (a) 20 kDa
FITC±dextran, (b) 70 kDa Rhodamine±dextran,
and (c) double labeling, where yellow repre-
sents colocalization.
(B) The passive nuclear influx of 20 kDa dex-
tran is not inhibited in confluent cells. The
green channel (a) shows the distribution of 20
kDa dextran while the red channel (b) shows
MBPexII (immunolabeled with MBP644). (c)
double labeling, where yellow represents co-
localization. The arrow (c) points at the dex-
tran-filled nucleus of an MBPexII1 cell while
the arrowhead indicates an MBPexII1 cell
that did not load dextran.
that the karyophilic properties of MBPexII were retained uniformly distributed in the cytoplasm, however; rather,
the MBPexII±GFP was found concentrated around thein the fusion protein.
nucleus, in agreement with the notion that the first step
of nuclear transport is the docking with the NPC, whichThe Nuclear Translocation of MBPexII
is known not to require energy. Translocation acrossIs an Active Process
the NPC, however, is inhibited in energy-depleted mediaWe used GFP as a molecular reporter to monitor the
(Figure 7b).intracellular distribution of MBPexII±GFP fusion protein
When energy-depleted cells were transferred back toin living cells. We transfected Hela cells using a constitu-
complete media and incubated for 2 hr at 378C, nucleartively active GFP expression construct driven by the
MBPexII±GFP was recovered (Figure 7c). On the otherCMV promoter. The MBP±GFP recombinant polypep-
hand, when incubation in complete media was done attides are highly fluorescent and are properly targeted,
48C, nuclear labeling was only partially restored, withshowing the same subcellular distribution as the native
a bright rim of MBPexII±GFP accumulated around theproteins. Whenexpressed alone, GFP appears uniformly
nuclear envelope (Figure 7d). These results show thatdistributed throughout the cytoplasm and nucleus (Fig-
the MBPexII±GFP nuclear transport is temperature asure 6B, d). When fused to 14 kDa MBP (14MBP±GFP),
well as energy dependent.it attaches to the cytoplasmic side of the plasma mem-
brane (Figure 6B, c), while GFP fused to 21.5 kDa MBP
(MBPexII±GFP) accumulates in the nucleus (Figure 6B, Phorbol Ester Stimulation Inhibits the
Nuclear Import of MBPexII In Vivob). GFP has been previously used as an efficient tag
to trace the distribution of the promyelocytic leukemia The direct evidence we obtained that MBPexII is actively
transported into the nucleus led us to wonder how this(PML) protein tosmall nuclear organelles, the PMLonco-
genic domains, in living cells (Ogawa et al., 1995). Also, translocation might be modulated in vivo. Phosphoryla-
tion is one posttranslational modification that is widelyGFP±human glucocorticoid receptor (hGR) is translo-
cated to the nucleus upon binding to ligand, like native used by cells to regulate thenucleocytoplasmic distribu-
tion of proteins (Miller et al., 1991; Moll et al., 1991). ThehGR (Carey et al., 1996). Further, GFP can be fused
to transcription factors without affecting its function of presence of consensus sequences for phosphorylation
on the MBP molecule (Yu and Yang, 1994) suggestedeither binding DNA or interacting with the transcription
machinery (Ogawa et al., 1995; Sidorova et al., 1995). that phosphorylation±dephosphorylation events may
trigger MBPexII nuclear import. Therefore, we testedHela cells expressing MBPexII±GFP were used to test
the energy requirements of the MBPexII nuclear translo- the effect of phorbol ester (TPA), which strongly acti-
vates most isoforms of protein kinase C (PKC) (Nishi-cation. Cells were incubated in complete media or in
energy depletion media for 2 hr at 378C. The cells that zuka, 1992), which in turn phosphorylates certain pro-
teins. We added TPA to the cell cultures to see whetherwere energy depleted exhibited cytoplasmic labeling
with nuclei devoid of MBPexII±GFP (Figure 7b), as op- phosphorylation of MBPexII, caused by activation of
PKC, affects MBPexII nuclear translocation. Figure 8posed to the control cells, which have a strong MBPexII±
GFP signal in their nuclei (Figure 7, a). It is likely that in shows cells that were kept for 2 hr in DMEM (a) or
DMEM1DMSO (b), both having a bright nuclear MBPexIIthe absence of an energy source, which is required for
the ªpumpingº of MBPexII into the nucleus, passive dif- labeling. The treatment with TPA causes cytoplasmic
retention of MBPexII, with accumulation around the nu-fusion redistributes MBPexII to the cytoplasmic com-
partment. It is interesting that MBPexII±GFP was not clear envelope. The effect was almost complete after
Active Transport of MBPexII into the Nucleus
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Figure 7. The Nuclear Transport of MBPexII±GFP Fusion Proteins
in Intact Cells Is Inhibited by Energy Depletion
Hela cells expressing MBPexII±GFP were incubated in DMEM (a) or
in glucose-free DMEM supplemented with 6 mM 2-deoxyglucose
and 10 mM sodium azide (b±d). After 1 hr incubation at 378C, the
cells were either fixed (a and b) or further incubated in fresh media
(1 glucose) for another 2 hr at 378C (c) or 48C (d).
which is involved in nuclear translocation, is responsible
for this inhibition.
Discussion
MBPs are common participants in all myelin sheaths,
even in the most primitive vertebrates (Saavedra et al.,
1989; Waehneldt, 1990). It is undisputed that they are
true structural proteins of myelin; the best evidence for
this is that their absence abolishes myelin compaction
so that no major dense line is formed (Privat et al., 1979;
Kirschner and Ganser, 1980), and when MBP is intro-
duced by transgenic technology into the shiverer mouse,
a normal sheath results (Readhead et al., 1987; Kimura
et al., 1989) MBPs have special properties, most notably
high net positive charge, which on the one hand facili-
tates their association with membranes but may also
Figure 6. MBPexII Can ªPiggybackª Proteins into the Nucleus
mediate their incorporation into the nucleus. Nuclear
(A) Affinity-purified MBP644 antibodies scrape loaded into cells ex- targeting is a very unusual feature for a membrane pro-
pressing MBPexII were transported into the nuclei. After scrape
tein in mammalian cells. A viral protein that exhibitsloading, cells were allowed to attach and spread for 6 hr and were
this dual targeting is the HIV-1 MA protein, which is athen immunolabeled with Texas red±conjugated donkey anti-rabbit
antibody and analyzed by confocal microscopy. Optical sections of membrane protein, but is also involved in nuclear import
cells expressing MBPexII (a±b) or control cells (c±d) are shown (step (Goldfarb, 1995).
size 5 1 mm). Our data reveal for perhaps the first time that a com-
(B) COS (a) and Hela (b) cells transiently expressing MBPexII±GFP
plex, active process is involved in moving MBPexII iso-fusion protein. Hela cells expressing 14MBP±GFP (c) or only GFP (d).
forms from cytosol to nucleus, strongly suggesting addi-
tional intranuclear roles for the karyophilic MBPs in
myelination.30 min of incubation in the presence of 100 ng/ml TPA
(Figure 8c). Longer incubation (Figure 8d; 2 hr) and
higher TPA concentration (300 ng/ml) gave basically the The Translocation of MBPexII from Cytoplasm
to Nucleus Is Actively Regulatedsame pattern (Figure 8e, 30 min; and 8f, 2 hr). This result
indicated that the state of phosphorylation of MBPexII By what criteria is the entry of MBPexII into the nucleus
an active process? First of all, we have shown hereinfluenced its intracellular distribution, although we can-
not rule out that phosphorylation of another protein, that its nucleocytoplasmic distribution is growth related.
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influenced signal-mediated nuclear transport; the func-
tional size of the pores was found to be greater in flat-
tened cells (Feldherr and Akin, 1993). Possibly, the
movement of MBPexII into the nucleus is influenced by
the functional size of the pores as well, which must be
a fairly labile property of the nuclear envelope, since
wounding of the Hela cell monolayer rapidly allowed
reentry of MBPexII into the nucleus (see Figure 4).
Besides being growth related, nuclear translocation
of MBPexII requires temperature and energy and may
be regulated by posttranslational modifications of the
protein. MBPexII is not the only small protein that uses
active mechanisms to enter the nucleus. Histone H1
nuclear transport is also arrested by chilling and energy
depletion (Breeuwer and Goldfarb, 1990). Although its
small size renders it potentially able to diffuse into the
nucleus, histone H1 is localized by a receptor-mediated
process that precludes its diffusion through the nuclear
pore.
Proteins whose nuclear translocation depends on
phosphorylation have also been described. For in-
stance, the Xenopus nuclear factor 7 (xnf 7), a putative
transcription factor, is dephosphorylated coincident
with nuclear entry (Miller et al., 1991), and the nucleocy-
toplasmic localization of the transcription factor SW15
is regulated during the cell cycle by its phosphorylation
state; phosphorylation prevents nuclear import (Moll et
al., 1991). We showed that the treatment of the cells with
phorbol ester inhibited nuclear transport of MBPexII. In
the case of v-Jun and SW15, both having a bipartite
NLS, there is an internal serine whose phosphorylation
correlates with retention in the cytoplasm (Tagawa et
al., 1995).Also, the nuclear import of lamin B2 is inhibitedFigure 8. Effect of TPA on the Nucleocytoplasmic Distribution of
by treatment with phorbol esters orby directphosphory-MBPexII
lation of serine residues adjacent to the NLS (HennekesMBPexII-expressing Hela cells growing on coverslips received 100
or 300 ng/ml of TPA (from a 10003 stock in DMSO) and were further et al., 1993). Since there is a serine residue in one puta-
incubated for up to 2 hr. tive NLS of MBPexII (see below), it is reasonable to
(a) Cells in regular media (DMEM). speculate that phosphorylation of this serine interferes
(b) Cells received a volume of DMSO equivalent to the aliquot used
with nuclear transport of MBPexII.to add TPA.
(c) Cells were incubated with 100 ng/ml of TPA for 30 min and (d)
2 hr or with 300 ng/ml for the same period (e and f, respectively).
Karyophilic MBPs May Contain Novel NLSs
Although ªclassicº NLSs have been well defined, like
thesingle basic domain of the SV-40T-antigen (KalderonUsing clonal populations of Hela cells expressing
MBPexII, we noted a striking difference in the distribu- et al., 1984) or the bipartite domain of nucleoplasmin
(Robbins et al., 1991), there is no single consensus se-tion of MBPexII in relation to cell density (Figure 4).
MBPexII distributed in the nucleus at low density or was quence for nuclear targeting, and in fact, several nuclear
signals have been described that do not fit the classicexcluded from the nucleus at high density. This finding
may perhaps be correlated with what happens in situ: criteria. Proteins from hnRNP complexes have no obvi-
ous NLS. Interestingly, for one of these proteins (hnRNPfor the most part, after an oligodendrocyte makes con-
tact with an axon and starts myelinating, the karyophilic A1), a novel type of NLS has been found that is not
similar to the classic basic amino acids±rich NLS butMBPexII are no longer found in the nucleus (but see
Hardy et al., 1996). This transition may reflect the ªdiffer- instead has a glycine-rich domain (Siomi and Dreyfuss,
1995). Another protein whose nuclear localization is me-entiation statusº of these cells.
Signal-mediated nuclear transport in proliferating and diated by an unusual sequence rather than a short basic
NLS is the trans-acting protein Tax of human T cellquiescent 3T3 cells has been compared, and it was
found that nuclear uptake was greater, and the func- leukemia virus Type I (Smith and Greene, 1992), which
contains a zinc finger-like cysteine-rich NLS sequence.tional size of the transport channels was larger in prolif-
erating cells (Feldherr and Akin, 1990, 1991). The de- Another example of a small protein that lacksan obvious
NLS motif and uses facilitated nuclear transport is cal-crease in transport capacity in quiescent cells was not
due to a reduction in the availability of soluble cyto- modulin (Pruschy et al., 1994). MBPexII hassome homol-
ogies with both classic NLS types (Table 1), but it isplasmic factors but to changes in the properties of the
nuclear pores (Feldherr and Akin, 1993). Cell shape also uncertain where the sequences that target MBPexII to
Active Transport of MBPexII into the Nucleus
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II cDNA was PCR amplified from pM44 PECE, a plasmid that hasTable 1. Similarities between ``Classic'' NLSs and Basic
the 21.5 kDa mouse MBP cDNA insert (Staugaitis et al., 1990). A 78Stretches within the MBPexII Sequence
bp fragment, which encodes exon II, was purified and subcloned
(A) SV-40 T-Ag PKKK RKV into the glutathione-S-transferase (GST) fusion protein bacterial ex-
MBP PKRGSGKV pression vector, pGEX 2T (Pharmacia). The fusion protein GST±
ExonII was purified from bacterial lysatesby affinitychromatography(B) Nucleoplasmin KR(10)KKKK
using glutathione±agarose (Sigma Chemical Co.). GST±ExonII wasMBP KR(08)KXXR
digested with thrombin (Boehringer-Mannheim Biochemicals) to
(A) The NLS consists of a single stretch of basic amino acids. (B) generate an exon II peptide fragment. Guinea pigs were used to
Bipartite NLS, consisting of two basic amino acids, an intervening generate exon II peptide antibodies. A primary inoculation of purified
spacer, and a stretch of basic amino acids. GST±ExonII (100 mg) emulsified in adjuvant was injected intrader-
mally. Booster injections were done using the exon II fragment (50
mg). Exon II antibodies were affinity purified using an MBP (from
mouse brain myelin)-conjugated Sepharose column.
the nucleus are localized. The sequence encoded by
Cell Cultures and Transfectionsexon II may provide a NLS, perhaps a novel one, or may
Hela cells (human cervical carcinoma cell line) were cultured incause a conformational change that exposes a cryptic
DMEM supplemented with 7.5% FCS, 100 U/ml penicillin, 100 mg/NLS. Alternatively, more than one NLS may be found in
ml streptomycin, and 2 mM glutamine.
exon II or the flanking regions. Liposome-mediated transfections were performed (DOTAP,
Boehringer-Mannheim). The MBP cDNAs, subcloned into the pECE
Role of Intranuclear MBPs vector (Staugaitis et al., 1990), were cotransfected with the pSV2
neo vector, which confers neomycin resistance. Individual clonesIn addition to membrane compaction, MBPs may play
were selected that resist the neomycin analogue, G418 (GIBCO), ata regulatory role in oligodendrocyte maturation. Prior
a concentration of 800 mg/ml. The MBP±GFP fusion proteins wereto compact myelin formation, when MBPexII levels are
obtained by subcloning the sequences corresponding to either 14 or
highest, these MBPexII enter the nucleus via active 21 kDa MBP isoforms into the unique HindIII site of the phGFP±S65T
mechanisms that strongly imply a regulatory function. mammalian expression vector (Clontech). The chimeric DNAs were
expressed in Hela cells. For phorbol ester stimulation, to some cul-Once the cytoplasmic extensions form, the exon II±less
tures of Hela cells expressing MBPexII, 12-O-tetradecanoyl phorbolMBPs, which are the compacting isoforms, are upregu-
13-acetate (TPA) was added to a final concentration of 100 or 300lated, and themRNA movement mechanism is activated.
ng/ml (from a 10003 DMSO stock solution). Control cultures re-
The karyophilic MBPs may be involved in triggering ceived the same amount of DMSO. For energy-depletion experi-
these mechanisms for segregating MBP mRNA to the ments, cells were incubated in glucose-free DMEM containing 10
processes of the oligodendrocytes. This could explain mM sodium azide and 6 mM 2-deoxyglucose.
the presence of MBP in the nuclei of young oligodendro-
Immunohisto- and Immunocytochemistrycytes that are just implementing their myelination pro-
Brains, removed from 4% paraformaldehyde±perfused mice, weregram as well as the occasional nuclear expression in
cryoprotected with 20% sucrose andfrozen in Tissue-Tek OCT com-
apparently mature oligodendrocytes (Hardy et al., 1996), pound (Miles Inc.) in liquid nitrogen. Cryosections (15 mm) were
which may be remodeling or remyelinating some of the placed on TESPA (Sigma Chemical Co.) treated glass slides and
stored at 2808C. For immunolabeling, sections were placed in 4%myelin sheaths that they support.
paraformaldehyde for 15 min, rinsed with PBS, and permeabilizedHaving gained entry into the nucleus, the properties
with 0.1% Triton X-100 for 5 min. The sections were incubated withof MBP in solution may contribute to its retention there.
blocking solution (5% normal goat serum in PBS) for 1 hr, followed by
At physiological pH and low protein concentration, MBP a 2 hr incubation with the specific antibodies at room temperature.
is a monomer with a flexible structure, minimal long- MBP644 antiserum was diluted 1:1000, while affinity-purified anti-
range interactions, and some ordered secondary struc- exonII was used at 2 mg/ml. Species-specific fluorochrome-conju-
gated secondary antibodies (Jackson Laboratory) diluted 1:200ture (Martenson, 1986). Although the MBP molecule has
were used for detection.a net positive charge, there is a concentration-depen-
For immunostaining of cells in culture, cells were plated on polyly-dent self-association of MBP in aqueous solution (Smith,
sine coated-glass coverslips. When the desired density was ob-
1980). This could account for the retention of MBP in tained, cells were induced overnight with 5 mM sodium butyrate to
the nucleus. enhance the expression of the transfected DNA (Gorman et al.,
Finally, it should be noted that the MBP gene is part 1983). Cells were washed with PBS, fixed with 4% formaldehyde in
PBS for 20 min, permeabilized, and immunostained as above.of a larger gene complex termed Golli±MBP (Campag-
Cells expressing MBP±GFP fusion protein were fixed, and thenoni et al., 1993). The expression of the Golli protein
green fluorescence was observed without any further treatment.major isoform and its subcellular distribution is also de-
velopmentally regulated; the selective localization of Scrape Loading
Golli proteins within the nuclei of specific neuronal pop- Cells were subjected to a scrape-loading procedure (McNeil et al.,
1984) using 10 mg/ml of 20 or 70 kDa fluorescent dextrans in DMEM.ulations indicates that Golli proteinsmay also beactively
IgG (7 mg/ml), affinitypurified from MBP644, were also scrape loadedtransported to the nucleus (Landry et al., 1996). These
into Hela cells. After scrape loading, cells were plated on polylysine-observations suggest that participation in nuclear events
coated coverslips and allowed to recover and spread for at least 6
in the nervous system may be a common feature of the hr before further processing. Cells loaded with fluorescent dextrans
Golli±MBP proteins. were fixed and mounted. Cells loaded with antibodies were fixed,
permeabilized, and immunostained with fluorescent-labeled sec-
Experimental Procedures ondary antibodies.
Antibodies Confocal Microscopy
MBP644 is a rabbit polyclonal antibody raised against the rat 14 A Leica TCS 4D confocal scanning microscope was used. Confocal
kDa MBP, which recognizes all murine MBP isoforms (Colman et images obtained from samples immunostained with a single anti-
body are displayed in black and white.al., 1982). To produce an MBP exon II±specific antibody, an exon
Neuron
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For double staining, data from two channels were collected simul- Farsetti, A., Mitsuhashi, T., Desvergne, B., Robbins, J., andNikodem,
V.M. (1991). Molecular basis of thyroid hormone regulation of myelintaneously. The data from one channel is represented in green, and
data from the other channel is represented in red. Yellow indicates basic protein gene expression in rodent brain. J. Biol. Chem. 266,
23226±23232.colocalization.
Feldherr, C.M., and Akin, D. (1990). The permeability of the nuclear
SDS±PAGE and Protein Blots envelope in dividing and nondividing cell cultures. J. Cell Biol. 111,
All samples were diluted in sample buffer, boiled for 5 min, and 1±8.
centrifuged at 15,000 rpm for 2 min to remove insoluble material. Feldherr, C.M., and Akin, D. (1991). Signal-mediated nuclear trans-
Proteins in the supernatants were separated by SDS±PAGE and port in proliferating and growth-arrested BALB/c 3T3 cells. J. Cell
transferred to nitrocellulose. For immunodetection, ExIIab was used Biol. 115, 933±939.
at 1:5000 dilution (serum) or at 1 mg/ml (affinity purified). MBP644
Feldherr, C.M., and Akin, D. (1993). Regulation of nuclear transportserum was diluted 1:2000. Peroxidase-conjugated secondary anti-
in proliferating and quiescent cells. Exp. Cell Res. 205, 179±186.bodies (Jackson ImmunoResearch Laboratory) were used at 1:5000
dilution. Blots were developed by chemiluminescence (Amersham Ganser, A.L., and Kirschner, D.A. (1980). Myelin structure in the
Corp.). absence of basic protein in the Shiverer mouse. In Neurological
Mutations Affecting Myelination, N. Baumann, ed. (Amsterdam:
Elsevier/North Holland Biomedical Press), pp. 171±176.Acknowledgments
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